Multivalency is believed to be important in the activity of lectins, although definitive structural studies on it have been few and far between. We have now studied the complexation of tetravalent peanut lectin with a synthetic compound containing two terminal lactose moieties, using a combination of crystallography, dynamic light scattering and modelling. Light scattering indicates the formation of an apparent dimeric species and also larger aggregates of the tetrameric lectin in the presence of the bivalent ligand. Crystals of presumably crosslinked lectin molecules could be obtained. They diffract poorly, but X-ray data from them are good enough to define the positions of the lectin molecules. Extensive modelling on possible crosslinking modes of protein molecules by the ligand indicated that systematic crosslinking could lead to crystalline arrays. The studies also provided a rationale for crosslinking in the observed crystal structure. The results obtained provide further insights into the general problem of multivalency in lectins. They indicate that crosslinking involving multivalent lectins and multivalent carbohydrates could lead to an ensemble of a finite number of distinct periodic arrays rather than a unique array.
LECTINS are multivalent carbohydrate-binding proteins, which exert their biological effects through the ability to specifically bind different sugar structures [1] [2] [3] [4] . Although originally isolated from plant sources, they are found in different forms of life such as animals, plants, bacteria and viruses. Multivalency is believed to be important in the activity of lectins. For example, the biological activities of galectins, which are believed to include control of cell growth, activation of inflammatory cells and regulation of apoptosis, are suggested to be related to their multivalent binding properties 5 . However, only a few definitive structural studies on the multivalency of lectins have been reported so far [5] [6] [7] [8] . An obvious tool for such studies has been multivalent saccharides. In early structural studies involving such saccharides, infinite chains of a C-type mannosebinding protein 9 and galectin-1 crosslinked by biantennary saccharides were observed 10 . Obviously, when the lectin and sugar are bivalent, such one-dimensional assemblies, often referred to as type-I crosslinked complexes, result 7, 9 . However, networks (type-II complexes) result when the lectin or sugar has a valency of more than two, as in the crystal structures of complexes of soybean agglutinin with biantennary sugars 11, 12 . The situation is similar in some of crystal structures of complexes of snowdrop lectin 13 and the Flt3 receptor interacting lectin 14 . A more complex situation involving a hexavalent lectin and a trivalent sugar was explored in this laboratory using modelling 15 . Here we report the study of the complexation of tetravalent peanut lectin with a synthetic compound containing two terminal carbohydrate molecules, using a combination of crystallography, dynamic light scattering and modelling. The modelling inter alia seeks to predict crystal structures, a problem of considerable current interest, and also to rationalize the observed crystal structure.
Peanut agglutinin (PNA) is a tetrameric lectin ( Figure  1 ) with galactose-specificity at the monosaccharide level. Its structure and interactions with lactose, C-lactose, Tantigenic disaccharide, N-acetyllactosamine and methyl-β-galactose have been thoroughly characterized crystallographically [16] [17] [18] [19] [20] . A lactose-bearing bivalent azobenzene derivative, which may be called for convenience lactoseazobenzene-lactose (LAL, Figure 2 ), binds PNA with an order of magnitude higher affinity than lactose. Furthermore, the binding has been shown to be cooperative 21, 22 . It is the type-II complexation between PNA and LAL that is reported here. The results obtained may be of considerable general interest in relation to the multivalency of lectins and rationalization of crystal structure.
Material and methods
PNA was prepared and LAL synthesized as described by Banerjee et al. 16 and Srinivas et al. 21 respectively.
Crystallization
Crystallization experiments using a solution containing 0.12 mM PNA and 0.54 mM LAL in 0.05 M phosphate buffer, pH 7.0, were carried out employing the hanging drop method. In these experiments, the reservoir contained 50 mM phosphate buffer, pH 7.0 and 12% PEG 8 K. The drop contained 4 to 5 µl of protein-LAL solution and an equal volume of reservoir solution. The drop was equilibrated against the reservoir solution.
Data collection
X-ray data were collected at room temperature using an MAR research imaging plate mounted on a Rigaku rotating anode generator. Data were processed using DENZO and scaled using SCALEPACK in the HKL suite of programs 23 . Details of data collection statistics are given in Table 1 . The processed data were truncated using the program 24 TRUNCATE of CCP4.
Structure solution and refinement
The structure of the PNA-LAL complex was solved using the molecular replacement program AMoRe
25
. The dimers AD and BC in the PNA-lactose complex (2PEL) 16 were used as the search model. A unique solution was obtained with CC and R-factor 0.67 and 45.7% respectively. Rigid body refinement was carried out 24 using REFMAC of CCP4 24 . The refinement parameters are given in Table 1 
Dynamic light scattering
Before each experiment, PNA was centrifugated at 10,000 rev min -1 for 15 min at 4°C. The solution of the PNA-LAL complex was filtered using Whatman membrane with the pore size 0.1 µm. In the experiments, concentration of the protein was kept constant as 10 µM and molarity of LAL was varied. In each experiment, 50 measurements were made during an hour. Each measurement consisted of 15 acquisitions. DLS experiments were carried out using a Dyanpro Molecular Sizing Instrument, and the collected data were analysed using Dynamic V6 software.
Modelling
Models were built using INSIGHTII. The built carbohydrates were docked to the binding site by superposing the lactose moiety in the LAL onto the bound lactose in the PNA-lactose complex 16 (2PEL) using ALIGN 26 . Interatomic contacts were calculated using program 24 CONTACT of CCP4. Figures 1, 3-5 were prepared using PYMOL 27 . Figure  6 was generated using MOLSCRIPT 28 .
Results and discussion

Light scattering
The higher affinity and cooperativity of PNA-LAL binding were suspected to arise from aggregation through crosslinking. However, it was important to experimentally explore if PNA molecules aggregate when complexed with LAL. This was done using dynamic light scattering. The results of these experiments are given in Table 2 . The results of a typical experiment, along with those of protein alone in the solution, are illustrated in Figure 7 . Table 2 and Figure  7 clearly show that PNA molecules aggregate in the presence of LAL. From the apparent molecular weights calculated using hydrodynamic radii, the predominant species appears to be a dimer of tetrameric molecules even in the presence of excess LAL. The next higher aggregate appears to involve around a hundred tetrameric molecules. No attempt at detailed analysis of light scattering was made, as it is not germane to the main theme of the investigation. The attempt primarily was only to demonstrate the aggregation of PNA molecules, presumably by crosslinking, in the presence of LAL. Values in parentheses correspond to the last resolution shell. 
Crystal structure
In the presence of LAL, peanut lectin crystals grew in the tetragonal space group I4 1 . In the absence of LAL, under similar conditions at neutral pH, PNA always crystallized in space group P2 1 2 1 2 irrespective of the ligand in the medium [16] [17] [18] [19] . The only other space group in which PNA crystallizes is P2 1 , at lower pH 19, 20 . Over a dozen PNA crystals with different ligands bound to the lectin and grown under different environmental conditions have been studied crystallographically [16] [17] [18] [19] [20] . All of them belong to one of the two space groups mentioned above, depending mainly on the pH of the medium 20 . Therefore, it is reasonable to assume that the tetragonal crystals obtained in the present study resulted from the presence of LAL in the medium. It is also probable that the PNA molecules are crosslinked by LAL. Furthermore, most of the PNA crystals studied so far diffracted to resolutions better than 3 Å. The tetragonal crystals diffract only to a resolution of 7.65 Å. Reduction in resolution could well have been caused by crosslinking, especially as many modes of crosslinking are possible. A resolution of 7.65 Å is admittedly not good enough to define the fine features of the structure. However, as indicated, for example, by the ready unambiguous solution of the structure obtained from molecular replacement calculations 25 , it is adequate to define the positions of the molecules and the subunits in them, as is often done in conjuction electron microscopic and diffraction experiments 29, 30 . Also the R and R free values obtained in the present case are comparable to those obtained in the X-ray structure determinations of protein at comparable resolutions 31 . The electron density shown in Figure 3 provides a clear representation of the overall size and shape of the molecule and known detailed structure of the molecule can be readily built into it. It, along with the results of refinement, also indicates that the quaternary structure of PNA has not suffered any distortion on account of crosslinking. Four simulated annealing omit maps, calculated by omitting one of the four subunits in the asymmetric part at a time, confirmed the correctness of the interpretation.
A schematic representation of the crystal structure is shown in Figure 4 . The two crystallographically independent tetramers (referred as molecule AB′C′D and molecule A′BCD′) in the structure are located on separate twofold axes, such that the asymmetric unit contains two half-tetramers involving four subunits. Not surprisingly, at this resolution the crosslinking LAL molecules are not clearly visible in the electron density, but the pattern of crosslinking can be surmised with reasonable certainty on the basis of different distances involving centroids of the subunits and galactose moiety of the bound sugar, modelled on the basis of several known PNA-sugar complexes. The surmised pattern is also indicated in Figure 4 
Modelling
Modelling studies on PNA-LAL linkages have two related primary objectives. One is to explore whether linkages, when systematically made, would lead to crystalline arrays. The second is to rationalize the observed crystal structure. The peanut lectin molecule consists of four subunits, A, B, C and D (Figure 1 ), each carrying a binding site for, in the present context, lactose. Therefore, a linkage between two PNA tetramers could involve 16 possibilities. However, on account of the internal symmetry of a b Table 2 ).
the molecule, which relates A to B and C to D, combinations AA, BB, AB and BA are equivalent; so are CC, DD, CD and DC, and AC, AD, BC, BD, CA, DA, CB and DB. Therefore, essentially only three combinations need to be considered. LAL is a long molecule with considerable conformational flexibility. The lactose moieties at the two ends were assumed to have the same geometry as in the original PNAlactose (2PEL) complex 16 . The O-methyl group in both cases was fixed using average values of the appropriate parameters observed in proteins complexed with methylated β-D-lactose or methylated β-D-glucose derivatives, as these parameters did not exhibit unreasonable scatter. That leaves six torsion angles, designated as ω1 to ω6 (Figure 2) 6 (≈ 86 million) possibilities. Even after effective reductions due to the chemical equivalence of the two halves of the molecule, the number of possibilities to be explored remains formidable. Attempts were made to energy-minimize the structure of LAL to arrive at a few favoured conformations, but these attempts did not lead to unambiguous results. Therefore, it was decided to use, at least to start with, only idealized conformations. In any case, the overall aim was not to enumerate all the possible crystalline arrays, but only to explore the possibility of systematic crosslinking resulting in crystalline arrays.
Generation of periodic arrays: ω1, ω2 and ω3 can each assume three idealized values, resulting in a total of 27 idealized conformations for one half of the molecule. Likewise, the other half of the molecule can also have 27 idealized conformations. The total number of possible idealized conformations for the molecule is 729. In each case, the lactose group at one end of the LAL molecule was placed in the binding site of subunit A of the PNA molecule using the known geometry of the PNA-lactose complex. Another PNA molecule was moved to the other end of LAL, such that subunit B of that molecule interacted as in the PNA-lactose complex, with the lactose moiety at that end of LAL. The operation was repeated for CD (subunit C of one PNA tetramer and subunit D of the tetramer) and AC linkages as well. Thus, there were 2187 pairs of linked PNA tetramers. Linked pairs with 100 or more non-bonded atom-atom contact distances of less than 2.3 Å were eliminated from the list. Thus 410 AB linkages, 303 CD linkages and 368 AC linkages were acceptable on the basis of this criterion. On account of the symmetry in the molecular formula of LAL, in a given type of linked pair, two conformations in which ω1, ω2, ω3, ω4, ω5 and ω6 in one half have the same values as ω6, ω5, ω4, ω3, ω2 and ω1 in the other, are identical except for a switch of PNA molecules within the pair. Therefore, only one of them needs to be considered. Once this is done, the number of AB, CD and AC pairs came down to 213, 159 and 175 respectively.
If the twofold symmetry of the PNA molecule is systematically applied, each linked pair leads to an array as schematically illustrated in Figure 8 a for AB linkages. The same is true of CD and AC linkages. However, only a linear array is compatible with a crystalline arrangement. Referring to Figure 8 a, if the angle 1-2-3, defined as the angle subtended by the centroids of tetramers 1 and 3 at the centroid of 2, is close to 180°, one obtains a translationally periodic array. No such array with the angle within 180 ± 2° was available in any of the three types of linkages.
If the angle 1-3-5, defined in the same manner as the angle 1-2-3, is close to 180°, one obtains a zig-zag array with 2 1 screw symmetry, as illustrated in Figure 8 b. There are 48 cases in which this angle is within 180 ± 2° in AB arrays. In the case of CD linkages, the angle is within 180 ± 2° in 37 arrays. The obvious next step was to combine each linear AB array with each CD array. There are 1776 such combinations. In the first step, just one array of one type was combined with one array of another type, as illustrated in Figure 9 a. Note that both the arrays emanated from the tetramer at the cross-section. As a rule of thumb, if two tetramers in the combination came closer than 50 Å or if two subunits belonging to two tetramers came closer than 30 Å, the combination was eliminated. In the first step, 840 of the 1776 combinations survived. Now two identical AB arrays were added to two identical CD arrays, as illustrated in Figure 9 b. When the distance criterion mentioned earlier was employed, only 257 combinations survived. Addition of a further array in each case led to further reduction in the allowed combinations ( Figure 9 c) , until the number in each set was four, as in Figure 9 d. Now the number of combinations reduced to two. Further addition of arrays of either type did not lead to reduction in the number of combinations. The crystal structures resulting from the two allowed combinations of AB and CD are illustrated in Figure 5 a and b. Interestingly, the CD array in both the structures is the same with ω1 = 60°, ω2 = 180°, ω3 = -90°, ω4 = -90°, ω5 = -60° and ω6 = -60°. arrays through AC linkages. Obviously, the same conformations also lead to linear BD arrays. However, when AC and BD arrays are combined, steric clashes resulted in every case. Therefore, crystalline arrays could not be generated using AC and BD linkages.
Rationalization of the crystal structure:
The second objective of the modelling study was to rationalize the observed arrangement of linked molecules in the crystal structure. The crystalline arrays, which automatically resulted from modelling involving the ideal values of ω1 to ω6, did not correspond to the observed crystal structure. This is hardly surprising, as the conformational space was not exhaustively explored on account of computational limitations. If exhaustively explored, the arrangements appropriate for the crystal structure are likely to have been automatically found. Therefore, rationalization of the observed structure involved specifically looking for linkages appropriate for it, without resorting to a global search.
One of the terminal lactoses of LAL was positioned in the binding site of subunit A in tetramer AB′C′D in the crystal (Figure 4 ) and the positions of the other lactose were calculated for the 729 idealized conformations. The centroids of none of them came within 5 Å to the position of the centroid of the bound lactose in the B subunit of tetramer A′BCD′. Eight of them showed distances within 10 Å. If tetramer A′BCD′ is moved such that the position of the bound lactose in subunit B overlaps with the lactose molecule at the free ends of the eight conformers, severe steric contacts result in seven. The remaining one with torsion angles ω1 to ω6 of 60, -60, 60, -90, -60 and 180°, was chosen for further exploration. Each angle was varied within ± 30° at intervals of 10°. Of the 7 6 such conformers, the free lactose of eight came within 2 Å of the position of the bound lactose in the A′BCD′ tetramer. All these eight conformers had the same values of ω1, ω2 and ω3 at 30, 70 and 60°; ω4 ranged from 80 to 100°, ω5 from 30 to 70°, and ω6 from 160 to 170°. Each angle in these conformers was varied within ± 10° at 5° interval leading to a total of 73,250 finely spaced conformers. The lactose moiety in 405 of them came within 1 Å of the position of the bound lactose in the target subunit. In 11 of them, the lactose moiety makes all the hydrogen bonds observed in PNA-lactose complexes 16 , with subunit B of tetramer A′BCD′, when a distance of 2.5-4.0 Å is considered to be appropriate for a hydrogen bond. These conformers are illustrated in Figure 6 . The torsion angles in them fall within a narrow range of ± 15°. Any one of them could have been employed in the AB link in the crystal structure.
A similar exercise was carried out on the CD linkages. Only one conformer reproduced all the nine observed PNA-lactose hydrogen bonds. There were 27 others which reproduced seven of the nine hydrogen bonds. These 27 conformers also form a closely related set.
Concluding remarks
In the present investigation, cross-linking of PNA molecule by a bivalent molecule with lactose at the termini has been established in solution by dynamic light scattering and in the solid state by X-ray structure analysis. The formation, in the presence of LAL, of an apparent dimeric species and a larger aggregate involving about a hundred PNA molecules in solution is in consonance with the sequential, cooperative binding observed in thermodynamic measurements 21 . Detailed modelling studies provide a rationale for the observed arrangement of protein molecules in the crystal. Furthermore, modelling indicates the possibility of a number of different types of crystalline arrays produced by crosslinking. Thus, crosslinking involving multivalent lectins and multivalent carbohydrates could result in an ensemble of a finite number of distinct periodic arrays rather than a unique array. Such an ensemble may perhaps be better suited than a unique array to deal with the complexity and variability of glycoconjugates on the cell surface.
